Abstract. Aspects of destination choice which concern relationships between destinations are explored in the context of a production-constrained gravity model. It is shown that, if competition exists between destinations or, alternatively, if agglomeration effects are present, the gravity model is misspecifled and estimated distance-decay parameters obtained from the model are related to spatial structure.
Introduction
The misspecification of gravity models has recently been posited, based on an alternative theory of destination choice (Fotheringham, 1983) . The presence of this misspecification appears to produce a relationship between spatial structure and estimated distance-decay parameters [see Fotheringham (1981) for a review of this relationship]. The destination-choice theory that is invoked to explain the potential misspecification of gravity models concerns the perception of destinations in groups. As the number of destinations within a group increases, interaction with that group is likely to increase, but the relationship may not be a linear one as is implied by the gravity-model formulation. Until now, this hypothesis has only been demonstrated graphically in a relatively simple manner (Fotheringham, 1983) . A more detailed discussion of the hypothesis is undertaken here. The discussion also concerns the elasticity of interaction to alternative destinations and a new interpretation of the estimated distance-decay parameter in production-constrained gravity models is derived in terms of this elasticity.
Frameworks of analysis
The potential misspecification of the production-constrained gravity model is demonstrated by the behaviour of the model in the spatial systems described in figures 1(a) and 1(b). In both systems the destinations are assumed to be equally attractive in terms of their size, and each destination lies at the same distance from the origin. Consequently, the use of a production-constrained gravity model would Figure 1 . Two spatial arrangements of destinations 1-7.
t This work was supported by a grant (number SES82-08339) from the National Science Foundation. lead one to the conclusion that the volume of interaction terminating at each destination is a constant, and that this volume is invariant between the two systems in figure 1. That is, the model takes no account of any effect the grouping of destinations may have on interaction patterns. For instance, the volume of interaction predicted to terminate at destination 1 would be the same in both systems, even though in figure 1 (a) destination 1 is relatively isolated from other destinations, whereas in figure 1(b) it is located in a group of destinations. Similarly, the predicted volume of interaction terminating at destinations 1 and 5 would be the same in both systems despite the obvious differences in the relative locations of the two destinations. The existence of a relationship between actual interaction patterns and the clustering of destinations is examined here, and the implications of such a relationship to gravity modelling are then discussed with particular reference to parameter estimation in a productionconstrained gravity model.
Consider figure 2 which describes the set of possible relationships between the perceived attractiveness of a group of destinations and the number of destinations within that group. Assume that all destinations are of equal size so that the attractiveness of the group is increased solely by the addition of destinations to the group. A linear relationship is produced when the addition of a destination to a group of destinations increases the perceived attractiveness of the group by exactly the attractiveness of the individual destination. This is the assumption inherent in the production-constrained gravity model (1) . A consequence of such behavior is that the interaction volume terminating at any destination is independent of the location of that destination with respect to other destinations. However, other relationships besides this linear one are feasible. For example, competition may exist between destinations so that interaction to an individual destination decreases as the destination is located in increasing proximity to other destinations, ceteris paribus. That is, interaction to a destination is lower when that destination is part of a group of destinations than when it is isolated, ceteris paribus. Grocery shopping, for example, may follow such a pattern: grocery stores may compete with each other for sales to increasing agglomeration effects increasing I competition * effects Number of destinations in group ^ For example, in either figure 1(a) or 1(b), if 0,-represents the total outflow of interaction from origin z, then the predicted interaction volume terminating at any one destination is 0;/l or, more generally, it is Orfn, where n is the number of destinations in the system. Consequently, in a spatial system consisting of 100 destinations and where everything else is equal, if one destination is added to a group of, say, three destinations and to a group of, say, fifty destinations, the predicted increase in interaction terminating at each of the two groups will be 0,-/l 00. The increase in predicted interaction terminating at a group of destinations which results from the addition of destinations to the group is thus linear. the extent that a grocery store in relative isolation may be able to capture a larger market than if it were in close proximity to similar stores.
Alternatively, agglomeration effects may be present. Interaction to an individual destination would then increase as the destination is located in increasing proximity to other destinations, ceteris paribus. That is, interaction to a destination is greater when it is part of a group than when it is isolated, ceteris paribus (2) . Consumer goods shopping, for example, may follow such a pattern. Consumer goods stores may generate a greater volume of sales when they are clustered than when they are dispersed. If either competition or agglomeration effects are present, then gravity models are misspecified.
In figure 2 , the horizontal axis denotes the situation where competition effects are a maximum. In this instance, the perceived attractiveness of a group of destinations is constant regardless of the number of destinations in the group. Under conditions of maximum competition, any increase in the attractiveness of the group produced by the addition of an extra destination is offset entirely by increased competition between the destinations. This is the situation discussed by Fotheringham (1983) . The vertical axis of figure 2 denotes conditions of maximum agglomeration effects. Under such conditions, all interactions will terminate in the largest group of destinations, irrespective of the location of that group.
The presence of either competition or agglomeration effects will produce misspecification errors in gravity models. However, the two effects have different implications for parameter estimation in such models. Consider a spatial system consisting of accessible and inaccessible origins all of equal size. The presence of strong competition effects implies that the relationship between interaction and distance would be very similar amongst origins of different accessibility. That is, the arrangement or grouping of destinations in space would have little effect on the relationship between interaction and distance. The presence of strong agglomeration effects would produce the opposite result. The arrangement of destinations in space would be the prime determinant of interaction patterns. Most interactions would terminate in the largest groupings of destinations irrespective of the location of the grouping.
To examine more precisely the implications of competition or agglomeration effects for destination choice and for parameter estimation in gravity modelling, assume that in a spatial system consisting of accessible and inaccessible origins, competition effects are at a maximum. This assumption is not critical to the subsequent theory and it is later relaxed. Initially, however, it is a useful assumption to make for purposes of exposition, since it implies that the relationship between interaction and distance is constant for all origins. Also assume that in the spatial system under consideration the perception of distance as a deterrent to interaction is constant in each origin. This perception is measured in a gravity model by the distance-decay parameter, ft. It is then shown that under these conditions, if a production-constrained gravity model is calibrated independently for each origin in this spatial system, it is impossible for ft, the estimated value of ft, to be constant. Consequently, since ft is constant, the spatial variation of ft in this instance has nothing to do with variations in the perceptions of distance as a deterrent to interaction. Rather, any variation must be produced by variations in spatial structurethe arrangement of destinations in space. This hypothesis is now examined further.
( 2 ) In figure 2 it is unlikely that the perceived attractiveness of a group of destinations would continue to increase exponentially as destinations are added to the group. However, such a relationship may occur over a limited range of additional destinations, and thereafter the perceived attractiveness may level off. Hence, it may be more accurate to consider the agglomeration effect described in figure 2 as part of a logistic curve.
Competition effects and destination choice
The calibrated form of the origin-specific production-constrained gravity model can be written as:
(1)
where / denotes an origin, and k and / are both used to denote destinations: the subscript k is used to denote one specific destination whereas / denotes any destination, including k; I ik represents the predicted flow between / and k\ O t represents the total outflow from /; D k represents the attractiveness of k; d ik is the distance between / and k\ and ft is the estimated origin-specific distance-decay parameter.
From (1), the partial derivative of predicted interaction to k with respect to distance to k is given by:
which is only negative when ft is negative-the standard expectation. Let A t represent the accessibility of origin z, and define
which is a standard potential measure of accessibility (for example Harris, 1954; Fotheringham, 1979; Rich, 1980) . By substituting equation (3) into equation (2) and using the definition of I ik given in equation (1), the derivative can be rewritten as:
w Equation (4) indicates that the rate at which predicted interaction from i to k decreases as the distance between i and k increases is also a function of the accessibility of /. This produces an interesting relationship between the elasticity of predicted interaction with respect to distance and origin accessibility. Let e(j ik ) denote the elasticity of predicted interaction with respect to distance to one particular destination, k, so that:
By substituting equation (4) into equation (5) and rearranging, e(J ik ) can be rewritten as: .
e(4) = -ft(l-^). (6)
The relationship between e(I ik ) and A t is then described in figure 3 . The elasticity can never be greater than zero since in equation (6) 
Iftlf
Figure 3. The relationship between interaction-distance elasticity, e(I ik ), and accessibility, A t .
only one destination exists, and as distance to that destination increases, there can be no change in interaction patterns to alternative destinations. Given an outflow from /, all of that outflow must terminate at k. Hence, I ik is a constant with respect to d ik , and e(I ik ) is zero. As A t tends to a maximum, e(J ik ) tends to the value of | ft |. Hence, the origin-specific distance-decay parameter in a production-constrained gravity model is a measure of the maximum sensitivity of interactions to destination k as d ik increases. This maximum occurs when there are an infinite number of alternative destinations. Consequently, if |ft| < 1, interaction is always inelastic with respect to distance, whereas if |/3 f | > 1, interaction can be elastic with respect to distance at certain levels of origin accessibility. The derivative represented in equations (2) and (4) is taken with respect to one particular destination, k. The value of the derivative will vary as the destination k varies, because of the inclusion of the terms D k df k l~l , and D k df k . To remove the subjective element involved in the choice of destination k, a weighted average derivative defined as:
is employed. The weighting factor, D k , is chosen so that at equal distances from an origin, a large destination is a more important component of the average derivative than is a small destination. By substituting equation (2) into equation (7) and rearranging, the derivative can be rewritten as: 
k= 1 From equation (9), the derivative of (dl ik /dd ik ) av with respect to A t is:
Assuming j3,-< 0, the right-hand side of equation (10) is negative when:
(ID where P is the subset of k for which 2C t {k) > AtBtik), and Q is the subset of k for which 2C t (k) < AiB t {k). From the definitions of A t , Bi(k), and Q(k), this inequality will hold whenever figure 4 .
The results have the following implication for parameter estimation in the production-constrained gravity model. If the relationship between actual interaction and distance is constant over space, as would happen if competition effects were at a maximum, ft will not be constant (3) . If ft were constant, the predicted relationships would not be constant: accessible origins would have steeper predicted interactiondistance relationships than inaccessible origins, as demonstrated in figure 4. For these relationships to be constant, the estimated distance-decay parameter would have to be more negative for inaccessible origins and less negative for accessible origins, which is the typical empirical finding (Fotheringham, 1981) . Obviously, in this instance, the parameter variation would be solely a function of variations in spatial structure.
The above result is also described in figure 5(a) , where the solid lines represent the predicted interaction-distance relationships from the production-constrained gravity model assuming ft to be constant (the result from figure 4). The broken line represents the actual relationships which would occur were competition effects at a maximum in the system. It is then clear that for the predicted and actual slopes to be equal, the estimated parameter for the accessible origin must be less negative than the parameter estimate for the inaccessible origin. Figure 5 (b) represents the situation where competition effects are present but they are not at a maximum as has so far been assumed. The presence of intermediate competition effects produces an actual interaction-distance relationship for accessible origins which is less steep than that predicted from the gravity model with a constant distance-decay parameter. Conversely, the presence of intermediate competition effects produces an actual interaction-distance relationship for inaccessible origins which is steeper than that predicted from the gravity model with a constant distancedecay parameter. Obviously, if the parameter estimates are chosen so that the similarity between actual and predicted slopes is maximised, the same pattern of estimated parameters as described above will result, although the variation in parameter estimates will be reduced. The variation in the parameter estimates will diminish as the strength of the competition effects diminishes until the situation described by figure 5(c) is reached. At this point, no competition or agglomeration effects exist, and the situation is equivalent to the diagonal line of figure 2, where there is a linear relationship between the perceived attractiveness of a group of destinations and the Figure 4 . Theoretical relationships between predicted interaction and distance for an accessible and an inaccessible origin.
(
3 ) The assumption is made that the parameter ft is chosen so that the predicted interactiondistance relationship is as similar as possible to the actual interaction-distance relationship.
number of destinations within the group. In such a situation, the gravity model is correctly specified and there is no spatial variation in the parameter estimates. Intuitively, the most likely scenario is that of figure 5(b) where competition effects are neither at a maximum nor at a minimum but are at some intermediate level. The expectation there is that the actual interaction-distance relationships for accessible and inaccessible origins will be divergent but the divergence will not be as great as that which would be predicted by the gravity model with a constant distance-decay parameter. Unless competition effects are at a maximum, the actual divergence might be expected: by definition, accessible origins are likely to have clusters of destinations in close proximity, making destinations further away appear less attractive than they would appear from inaccessible origins. However, the presence of competition effects reduces the attractiveness of the cluster of destinations in close proximity to the accessible origins and increases the attractiveness of the isolated destinations at greater distances, thus producing an actual interaction-distance relationship which is less steep than that which would be predicted from a gravity model having a constant distancedecay parameter. In the case of the inaccessible origins, the presence of competition effects increases the attractiveness of the isolated destinations in close proximity and decreases the attractiveness of clusters of destinations which, by definition, are likely to lie at greater distances from inaccessible origins. The actual interaction-distance relationship will then be steeper than that predicted by a gravity model. 
Agglomeration effects and destination choice
Agglomeration effects are the opposite of competition effects: their presence makes clusters of destinations relatively more attractive for interaction and makes isolated destinations relatively less attractive for interaction. The impact of such effects on estimated distance-decay parameters is described by figure 5(d) . Consider the spatial system previously discussed, in which the perception of distance as a deterrent to interaction is the same for the inhabitants both of accessible and of inaccessible origins. By definition, the accessible origins are likely to have clusters of destinations in close proximity whereas any such clusters are likely to lie at greater distances from the inaccessible origins. The presence of agglomeration effects would then make the cluster of destinations in close proximity to an accessible origin relatively more attractive for interaction and would make the isolated destinations at greater distances relatively less attractive than if agglomeration effects were absent. Consequently, the actual interaction-distance relationship would be steeper than that predicted from the gravity model with a constant distance-decay parameter. For an inaccessible origin, the isolated destinations in close proximity would appear relatively less attractive whereas the clusters of destinations at greater distances would appear relatively more attractive than if agglomeration effects were absent. Consequently, the actual interaction-distance relationship would be less steep than that predicted from the gravity model with a constant parameter.
A result of such relationships is that, for the actual and predicted interactiondistance relationships to be equal, accessible origins must have more negative estimated distance-decay parameters than inaccessible origins. This produces the converse pattern of parameter estimates to that obtained when competition effects are present. Under conditions of very strong agglomeration effects, most interactions will terminate at the largest cluster of destinations regardless of the location of that cluster. Most interactions from accessible origins will then terminate at destinations in close proximity whereas most interactions from inaccessible origins will terminate at destinations further away. If an origin-specific gravity model is calibrated in such a system, the estimated distance-decay parameters will be highly negative for the accessible origins and may be positive for the inaccessible origins. Obviously, under conditions of less-extreme agglomeration effects, the pattern of parameter estimates will be less extreme: accessible origins will simply have more negative parameter estimates than inaccessible origins.
A numerical example
Consider the application of the interaction model in equation (1) to centers 1 and 2 in figure 6. Center 1 is relatively accessible, but center 2 is relatively inaccessible. Arbitrarily letting jSi = 02 = "1.0, and using center 4 as a destination, a set of predicted interactions can be calculated over varying distances from both origins. These are graphed in figure 7 . The rate of decrease of predicted interactions with respect to increased distance is much steeper for the accessible origin over short distances than for the inaccessible origin. As distance increases, however, the rates predicted interaction and distance for centers 1 are size variables (total inflow or total outflow), and 2 in figure 6. tend to converge, and their relative steepnesses would eventually reverse. Assume that competition effects are at a maximum in this system, so that the actual interaction-distance relationships are constant for both origins. Then, j3 2 would have to be more negative than $ x to replicate such a situation. Figure 7 shows that a value of j3 2 of -1.5 produces much the same slope as $ x = -1.0.
For the spatial system in figure 6 , the average derivative of equation (8) can be calculated at various distances from centers 1 and 2. These values are given in table 1. Predicted interaction declines more rapidly from the accessible origin than from the inaccessible origin, as distance increases up to a distance of between 10 and 20 units. Beyond this distance, predicted interaction from the inaccessible origin declines more rapidly as distance increases. Obviously, this is related to the choice of alternative destinations available. Over short distances from accessible origins there are a relatively large number of alternative destinations, but at greater distances there are relatively few alternative destinations. The converse is the case for inaccessible origins. Again, if the actual relationships between interaction and distance were equal, /3 2 would have to be more negative than $ x . The degree to which j3 2 < P x depends upon the extent of the competition effects present.
In the calculation of the derivatives in table 1, O t , the total outflow from center /, is a constant. Since this is unlikely to occur in reality, the average derivatives with variations in O t are presented in tables 2 and 3. When the outflow from the accessible origin is greater than the outflow from the inaccessible origin, the disparity between the average derivatives increases. Predicted interaction from the accessible origin decreases much more rapidly as distance is increased. When the outflow from the inaccessible origin is greater than the outflow from the accessible origin, the disparity between the average derivatives is reduced. Thus, if actual interaction-distance relationships are constant over space, but accessibility varies with origin location, the predicted distance-decay parameter will be more negative for inaccessible origins to model reality accurately. If the more accessible origins have greater populations than the inaccessible origins, the disparity in the predicted distance-decay parameters between origins is amplified. If the more inaccessible origins have greater populations than the accessible origins, the disparity in the predicted distance-decay parameters is diminished. Hence, when competition exists between destinations, variations in origin accessibility and origin population affect gravity distance-decay parameters in a systematic manner. One study in which both of these variations appear to determine ft is that of Stillwell (1978) in which a set of origin-specific distance-decay parameters is obtained from British interregional migration flows. From the above theory, the spatial pattern of these estimates is one which would be expected if competition effects were present: accessible origins generally have less negative distance-decay parameters than inaccessible origins. However, an obvious exception to this general pattern can be observed by comparing the parameter estimates for Scotland and Wales, both inaccessible origins. The estimated distance-decay parameters for the Welsh regions are much more negative than the parameter estimate for Scotland. In Stillwell's study, Wales with a population less than that of Scotland is divided into six regions, whereas Scotland is treated as one region. Consequently, for each of the Welsh regions, O t will be relatively small and ft will be highly negative, ceteris paribus. For Scotland, the total outflow will be relatively large, and this has the effect of diminishing the relationship between ft and origin accessibility, which might otherwise have been observed. Consequently, ft is less negative. The theory presented here suggests that, if Scotland were disaggregated into smaller regions, the estimated distance-decay parameters for the individual regions would be more negative. This has potential implications for the way in which origins and destinations are defined in interaction modelling. It also has implications for the aggregation problem as outlined by, amongst others, Openshaw (1977). 
Conclusions
The thesis of this paper is that destination-choice modelling should be concerned not only with the characteristics of individual destinations but it should also be concerned with the relationships between destinations. Although such an idea is not new (for example, Curry, 1972; Curry et al, 1975; Ewing, 1978; Fotheringham and Webber, 1980 ), the precise nature of the connection between the arrangement of destinations in space and interaction patterns has not been made before. It is useful to notice that the accessibility effects discussed by Leonardi (1980; and by Sheppard (1981) are not equivalent to the accessibility effects described here. The effects discussed by Leonardi and by Sheppard concern relationships between an origin and the set of destinations available to that origin, and it is the accessibility of an origin to destinations which is important. Here, the accessibility effects are concerned with relationships between destinations and it is the accessibility of a destination to other destinations which is important. The spatial arrangement of destinations affects destination choice when either competition or agglomeration effects are present. This relationship causes gravity models to be misspecified, and it produces a misspecification bias in parameter estimates derived from the calibration of such models (4) . When competition effects are dominant, the bias is such that accessible origins have less negative parameter estimates than inaccessible origins, ceteris paribus. When agglomeration effects are dominant, the bias is such that accessible origins have more negative parameter estimates than inaccessible origins, ceteris paribus. Consequently, if either competition effects or agglomeration effects are present in destination choice, then estimated distance-decay parameters obtained in the calibration of gravity models cannot be given a behavioral interpretation. The value of the parameter estimates will be related to the spatial arrangement of destinations in the system under consideration. The strength of this relationship will be directly related to the strength of the competition or agglomeration effects present. The results thus reinforce the findings of Fotheringham (1983) which were based upon a simpler graphical explanation of the theory presented here.
Empirical evidence suggests that competition effects occur more frequently than agglomeration effects (Fotheringham, 1981) . However, the presence or absence of both types of effects needs to be examined further. This can be undertaken very simply with the modelling approach described by Fotheringham (1983) . This approach also eliminates the relationship between spatial structure and estimated distance-decay parameters, since the new interaction models are correctly specified. The models are essentially gravity models with the addition of a variable which describes the accessibility of a destination to all other destinations. If this variable has a negative parameter estimate, then competition effects are dominant: as a destination becomes more accessible to other destinations, interaction to that destination decreases, ceteris paribus. If the accessibility variable has a positive parameter estimate, then agglomeration effects are dominant: as a destination becomes more accessible to other destinations, interaction to that destination increases, ceteris paribus. If the parameter estimate is zero, then a gravity model is produced. Consequently, gravity models are special cases of more general interaction models (termed competing destinations models by Fotheringham) and as such they are applicable in only two instances: one is when neither competition effects nor agglomeration effects occur; the other is when competition and agglomeration effects occur with equal intensity so that the net effect is zero. In any other instance, gravity models will be misspecified and the relationship between spatial structure and distance-decay parameters described here will result. ^ See Fotheringham (1983) , however, for conditions under which this misspecification can be minor in destination-constrained and doubly-constrained gravity models.
